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In the standard cosmological picture the Universe underwent a brief period of near-exponential
expansion, known as Inflation. This provides an explanation for structure formation through the
amplification of perturbations by the rapid expansion of the fabric of space. Although this mech-
anism is theoretically well understood, it cannot be directly observed in nature. We propose a
novel experiment combining fluid dynamics and strong magnetic field physics to simulate cosmo-
logical inflation. Our proposed system consists of two immiscible, weakly magnetised fluids moving
through a strong magnetic field in the bore of a superconducting magnet. By precisely controlling
the propagation speed of the interface waves, we can capture the essential dynamics of inflation-
ary fluctuations: interface perturbations experience a shrinking effective horizon and are shown to
transition from oscillatory to squeezed and frozen regimes at horizon crossing.
The physics of the Early Universe is a fascinating sub-
ject. In the standard scenario the primordial universe ex-
panded in a nearly exponential fashion, a phase known as
inflation. Originally designed to tackle outstanding puz-
zles of the celebrated Big Bang model (namely the hori-
zon, flatness, and monopole problems [1, 2]), it was soon
realised that inflation provides much more. It explains
the very origin of cosmic structure in an unexpected, but
truly elegant and exotic way [3–8]. To resolve the hori-
zon and flatness problems, inflation proposes that each
of the three spacial dimensions in our Universe expanded
by a factor∼e60 within a time interval ∼10−33 s. During
this rapid expansion fluctuations are stretched beyond
the characteristic scale of the expansion (known as the
Hubble scale), at which point they stop evolving in time
(the modes are said to be frozen). By this process ini-
tially small perturbations get amplified and converted to
density fluctuations, eventually leading to the observed
large-scale structure of our universe. In this letter we
propose a setup that allows us to simulate this charac-
teristic process in a laboratory setup.
We consider a system of two immiscible liquids, a
diamagnetic layer lying atop a paramagnetic one, that
can be moved at a precisely controllable rate through a
strong, spatially varying magnetic field generated by a su-
perconducting solenoid or a Bitter magnet (c.f. Ref. [9]).
The body forces applied to the liquid sample amount
to an effective gravitational force, whose time depen-
dence can be controlled by the geometry of the mag-
netic field and the sample’s velocity. Thus, the fluids are
subject to a time-varying effective gravitational field. It
is well-known [10] that small perturbations on the sur-
face of irrotational fluids experience an effective geome-
try whose properties are determined by the background
flow. The corresponding metric in our system takes the
form gµν ∝ diag(−c2, 1, 1), where c is the propagation
speed of the interface perturbations. A key property of
surface waves is that the propagation speed depends on
gravity, which in our system is rendered time-dependent.
This provides the versatility to engineer analogue cos-
mological spacetimes and study in detail the dynamics
of perturbations in various time-dependent backgrounds.
We discuss our experimental setup, and show that within
this system an inflationary regime arises naturally: the
effective speed of propagation of surface waves can be tai-
lored to decrease in an exponential fashion giving rise to
a shrinking ‘effective horizon’. Thus, the interface fluctu-
ations exit the horizon mode by mode, transitioning from
uncorrelated oscillatory behavior to frozen and squeezed
regimes, in direct analogy to inflationary perturbations.
There has been growing interest recently in analogue
gravity experiments, focusing mainly on effects arising
from static [11–14] and rotating [15, 16] black hole space-
times. More relevant for our proposal are time-dependent
spacetime geometries, which have been subject to theo-
retical [17–21] and experimental [22, 23] studies. Our
experiment aims at achieving the first experimental ob-
servation of mode freezing in an analogue system. This
would demonstrate the universality and robustness of this
effect beyond cosmology, over a broader range of disci-
plines within physics.
Two-fluid systems.—We consider an immiscible two-
fluid system (Fig. 1), with densities ρ1 > ρ2, heights
h1,2, small magnetic susceptibilities |χ1,2|  1, and flow
velocities v1,2. The system is subjected to a magnetic
field B(~x, t) ∼ 10 T with a large vertical field gradient
∼ 150 T/m. The flow of an inviscid and incompressible
fluid is described by the continuity equation and Euler’s
momentum equation with the inclusion of the magnetic
potential energy [24–26]:
~∇ · ~vi = 0 (1)
ρi
(
∂t + ~vi · ~∇
)
~vi = ~∇
(
−pi + χi
2µ0
B2
)
+ ρi~g . (2)
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2Figure 1. Schematics of the two-fluid system. Two immis-
cible fluids, with densities ρ1,2, magnetic susceptibility χ1,2,
and height h1,2, separated by the equilibrium interface at z0
(dotted line). Gravity interface waves distort the interface
layer (solid line) where each point is characterized by its am-
plitude ξ and velocity vx (vy). ∂S are the boundaries (here
depicted for fluid 2) given by a hard wall (upper), an interface
boundary (right), and a moving boundary at the interface of
the two fluids (lower).
The index i = 1 (i = 2) labels the lower (upper) fluid,
pi is the fluid pressure, µ0 the vacuum permeability, and
~g = (0, 0,−g) is the acceleration due to gravity. The kine-
matic and, in case of a free surface, dynamic boundary
conditions are
~vi · ~n = ~V · ~n on ∂S (3)
[p] = σ(R−11 +R
−1
2 ) , (4)
on a boundary ∂S with velocity ~V . Equation (3) states
that the velocity of the fluid equals the velocity of the
boundary along the outward normal ~n to the boundary.
The angled bracket [∗] denotes the jump in value across
the interface, here the jump in pressure p according to
the Young-Laplace law [27] with surface tension σ, and
principal radii of curvature R1,2.
We assume an irrotational velocity field ~vi = ~∇φi,
and a fluid-fluid interface ξ given by z = z0 + ξ(x, y, t).
We then linearise Eqs. (1) & (2) around a steady back-
ground flow ~v0 = ~∇φ0 with φi = φ0 + ϕi. We further
take ∂zB  ∂xB. At the hard-wall upper and lower
boundaries Eqs. (1) & (3) lead to the Ansatz
ϕi =
∑
n
cosh[n(z − hi)]ϕi,n(x, y, t) , (5)
where n labels the eigenfunctions of the 2D-Laplacian
(∇2 + 2n)ϕn = 0, subject to the boundaries of the inter-
face. The linear equations of motion obtained by Eqs. (2)
– (4) evaluated at the free interface are
ρ1Dtϕ1 − ρ2Dtϕ2 =
(
σ∇2 − [ρ]g0 + [χ]
µ0
B∂zB
)
ξ (6)
Dtξ = 1
2
∂z (ϕ1 + ϕ2) , (7)
where the curvature for small deformations ξ is given
by (R−11 + R
−1
2 ) ' −∇2ξ [27] and Dt = ∂t + v0 ·∇ is
the material derivative on the 2D interface. While the
preceding discussion is valid for arbitrary geometries of
the interface, flows and heights, we choose for the sake of
clarity a plane wave basis (with wavenumber n = k and
2k = k
2), a vanishing background flow (Dt = ∂t, depicted
with a dot), and equal surface heights |h1| = |h2| ≡ h.
Since at the interface v1z = v2z (c.f. Eq. (3)), we get
with ϕk ≡ ϕ1,k
ϕ¨k + ω
2
kϕk =
g˙eff
Gk
ϕ˙k , (8)
where
Gk =
(
[ρ]geff + σk
2
)
/ρ˜ , (9)
with ρ˜ = ρ1 + ρ2. The left hand side of Eq. (8) describes
the familiar oscillatory behaviour with frequency
ω2k = Gkk tanh(kh) . (10)
The effective gravity [9]
geff = g − [χ]
[ρ]µ0
B∂zB , (11)
in our setup can be modulated by the motion of the sam-
ple (and thus of the interface z0(t)) through the external
magnetic field B(z). This introduces an explicit time
dependence of the frequency ωk ≡ ωk(t) as well as an
additional friction term to the equation of motion (right
hand side of Eq. (8)). The acceleration of the sample, z¨0,
can also be taken into account by substituting g → g+ z¨0
in (11).
Analogue Cosmology.—In order to make the connec-
tion with cosmology transparent we consider the shallow
water (or long wavelength) limit kh 1. The change in
the effective gravity (11) directly translates to a change
in the propagation speed ck of long wavelength pertur-
bations. We define the mode-dependent scale factor
a−2k (t) ≡ c2k(t) = Gk(t)h , (12)
with which the equation of motion (8) take the form
ϕ¨k + 2
a˙k
ak
ϕ˙k +
k2
a2k
ϕk = 0 . (13)
Thus, our two fluid system in the shallow water limit
is equivalent to a massless scalar field in a Friedmann-
Lemaˆıtre-Robertson-Walker (FLRW) type rainbow uni-
verse [19]. In the long wavelength regime, the k-
dependence of the scale factor remains due to the surface
tension σ (c.f. Eq. (9)). This regulatory part vanishes
when σ → 0, and the effective metric for the perturba-
tions is then:
ds2 = gµνdx
µdxν = −dt2 + a2(t)(dx2 + dy2) . (14)
This is the exact FLRW solution to the Einstein’s equa-
tions for an expanding, homogeneous and isotropic,
universe described by one k-independent scale factor
3a(t). In addition, it is possible to change the sign of
Gk(t) by inverting the direction of geff (see Fig. 2A2),
previously exploited in magnetic levitation experiments
e.g. [9, 24, 25, 28]. In our setup, this corresponds to a
Hartle-Hawking-like [29, 30] change from Lorentzian to
Euclidian signature in the analogue spacetime geometry,
as can be seen from Eqs. (12) and (14).
Note that even for σ 6= 0 the ability to change the sign
of the effective gravity geff allows for an infinite expansion
for a single mode in our system. This can be explicitly
seen by calculating the number of e-folds
N = ln
(
ak(tf)
ak(ti)
)
=
1
2
ln
(
σk2 + [ρ]geff(ti)
σk2 + [ρ]geff(tf)
)
, (15)
used in cosmology to describe the length of the inflation-
ary period, where here the denominator can approach
zero if geff becomes negative. Thus, by changing the
magnetic field accordingly, it is possible to engineer the
exact time-dependence of the scale factor ak(t) for the
cosmological model one wishes to study. This includes,
in principle, an arbitrarily high number of e-folds for a
fixed value of k.
Experimental implementation.—In order to minimise
the influence of non-linear contributions to the disper-
sion relation, we choose a two-fluid system consisting of
1-butanol and a weak aqueous paramagnetic solution,
with a small interfacial surface tension, σ = 1.8mN/m
[31] (immiscibility requires σ 6= 0). We take a circu-
lar ring-shaped basin for which the azimuthal degrees of
freedom obey periodic boundary conditions with a max-
imal wavelength λmax = pid. The diameter d is limited
by the size of the bore of the superconducting magnet,
which for our experimental setup is d = 4cm. A signif-
icant advantage of our proposed system is the ability to
make non-destructive measurements of interface-waves.
For example, using a “Fast Checkerboard Demodulation”
(FCD) method [32] enables the time-resolved measure-
ment of the full dynamics. In contrast to the observable
universe (which was realised exactly once), in our system
we can automise and repeat the experiment a large num-
ber of times in order to analyse the statistical properties
of the state after inflation.
We tune the scale factor a(t) to be exponential in the
linear dispersion limit. This can be achieved by combin-
ing the spatially dependent magnetic forces within the
bore with a small mechanical acceleration of the sys-
tem. In Fig. 2A1-2 we show the effective gravity in
the magnet bore for our butanol-aqueous system. The
time-dependent position and acceleration of the basin in
the magnet is given in Fig. 2A3, determined by solving
the differential equation geff [z0, z¨0] = exp(−2Ht), where
H=const is the effective Hubble parameter.
Effective horizon and mode freezing.—One of the hall-
marks of inflation, giving rise to the large scale structure
formations observed in our universe, is the freezing of
modes once they exit the Hubble horizon. It is common
to introduce the auxiliary field Xk = ak ϕk for which the
wave equation (8) takes the form of a time-dependent
harmonic oscillator with frequency
Ω2k(t) =
k2
a2k
− a¨k
ak
. (16)
Horizon crossing occurs at Ω2k = 0, separating the os-
cillating solution dominated by the first term on the
right hand side from exponentially growing / decaying so-
lutions at late times, dominated by the time-independent
second term. The essence of inflationary dynamics is fully
captured for late times after a mode has crossed the hori-
zon, since the dynamics of the physical field ϕk freezes
and becomes trivial, obeying a constant solution in time.
Our system exhibits an analogue behaviour, where
each mode crosses the shrinking effective horizon beyond
which it freezes. In Fig. 2B the solution of the field equa-
tion (8) for the longest wavelength of our system is shown
for the full non-linear dispersion relation (10). The time
evolution is computed numerically using a Runge-Kutta
fourth-order scheme. For t < 0 the system is evolved in
flat space, reducing Eq. (8) to a simple harmonic oscil-
lator. At t = 0 the system begins to expand, leading to
an oscillatory, damped time evolution of the field, which
upon crossing the effective horizon approaches rapidly a
nearly constant field solution. The full model (including
dispersive effects) exhibits minor differences to a com-
pletely frozen field solution, caused by the surface ten-
sion. This introduces a small time-depence to a¨k/ak and
in turn a slow further evolution of the field outside the
horizon. Apart from a different effective expansion expe-
rienced by high momentum modes, this regulatory part
leads to the mode re-entering the Hubble horizon, ex-
hibiting oscillatory behaviour at later times. We further
present the evolution of the surface height ξk = a
2
kϕ˙k,
directly accessible in the experiment, which exhibits a
growing, non-oscillatory solution after horizon crossing.
The continuous observation of the field dynamics pro-
vides direct evidence for the inflationary dynamics of the
system.
Classical two-mode squeezing.—While the above evo-
lution and mode freezing describe the full dynamics dur-
ing inflation, there is an equivalent description in terms
of squeezed states [33, 34]. This approach is in close
analogy to condensed matter systems undergoing rapid
changes (e.g. quenches [35]) in the propagation speed of
long-wavelength perturbations. For a quadratic field the-
ory the quantum nature of the system is only determined
by the initial conditions, while each trajectory evolves ac-
cording to the classical equation of motion [36]. There-
fore, by emulating the quantum statistics of the initial
state, we can study the full time evolution of inflationary
physics within the linear regime of fluid dynamics. Our
system allows us to stop the expansion and to analyse
the inflationary signatures in the resulting flat spacetime
4Figure 2. Panel A1 depicts the effective gravity geff in the bore of the magnet for the butanol-aqueous solution (z¨0 = 0). The
vertical axis gives the vertical position in the magnet z, and the horizontal axis the radial position r. The magnitude is given
by the colorbar. Panel A2 is the effective gravity along the line r = 0. Panel A3 shows the evolution of the position z0(t)
(dashed red) and acceleration z¨0(t) (solid purple) of the tank in the magnet in order to have an exponentially inflating effective
universe with Hubble parameter H = 3 s−1. Panel B depicts the solution to the wave equation (13). The solid (dashed) line
is the real part (absolute value) of the velocity potential φk (purple) and of the height field ξk (red). The black dash-dotted
lines represent different number of e-folds N = 0, 1, 2 and 4. The shaded region indicates where the mode is outside the Hubble
horizon. Panel C depicts the maximal two-mode squeezing of the system projected onto the instantaneous eigenbasis at the
times (equivalently number of e-folds) indicated (see main text for details).
through the statistical properties of the state. The asso-
ciated definition of a well defined ground (vacuum) state
leads to cosmological quasi-particle production (mode
amplification) and two-mode squeezed states. This is
the result of the rapid effective expansion of our ana-
logue universe connecting two flat regions of spacetime
a(ti) → a(tf) [37]. Note that while the freezing of the
modes is sensitive to a¨k/ak ≈ const, these effects are
rather generic and occur for more general types of ex-
pansion.
In line with quantum field theory in curved spacetime,
we introduce the classical quasi-particle amplitudes bk in
the initial flat region of spacetime by expanding the field
Xk(x, t) =
(
f ik(t)bk + f
i
k(t)
∗
b∗−k
)
exp(ikx), in terms of
the time-dependent mode functions (fk, f
∗
k ), normalized
by the Wronskian 〈fk ; fk〉 ≡ i (f∗k∂tfk − (∂tf∗k )fk) = 1.
As the conservation of the Wronskian implies
|αk|2 − |βk|2 = 1, the initial and final flat regions
of spacetime are related by a Bogoliubov transformation
f ik(t) = αkf
f
k(t) + βkf
f
−k(t)
∗
. The final state is fully de-
scribed by the corresponding transformation of the quasi-
particle amplitudes dk ≡ 〈f fk(t) ; Xk〉 = αkbk + β∗kb∗−k.
The measurable mode intensity after the effective
expansion in our system is
〈d∗kdk〉 =
(
2|βk|2 + 1
) 〈b∗kbk〉 , (17)
where 〈. . . 〉 denotes the classical expectation value over
sufficiently many measurements, allowing us to assume
〈b∗−kb−k〉 = 〈b∗kbk〉.
As anticipated from translational invariance in equa-
tion (13), the Bogoliubov coefficients αk, βk only mix
modes of opposite momenta:
〈d−kdk〉 = 2αkβ∗k 〈b∗kbk〉 . (18)
Quasi-particle amplification (creation) therefore oc-
curs in the form of correlated (entangled), counter-
propagating pairs, and our system exhibits the clas-
sical analogue of two-mode squeezing. Therein the
fluctuations in one quadrature are lowered below their
initial value at the cost of increasing the fluctua-
tions in the other. Defining the position variable
5-4
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Figure 3. Two-mode squeezed states of the field position
quadrature X±k (see main text for details). Each panel rep-
resents the correlation between Xk and X−k for different sim-
ulation parameters. Brighter regions correspond to higher
probability of measurement. The number of e-folds increases
with each panel from left to right, and the Hubble parameter
increases from top to bottom. The final row corresponds to a
sudden change (or quench) in the analogue scale factor.
Xk =
(
f fk(t)dk + f
f
k(t)
∗d∗k
)
/|f fk|, we show in Fig. 2C the
two-mode squeezed states for varying number of e-folds
N during the expansion. For each parameter we sam-
pled 105 trajectories from an initial uncorrelated Gaus-
sian state. At the times presented, the maximum squeez-
ing |αk − βk|2 caused by the correlations (18) increases
with N , due to the increasing number of created quasi-
particle pairs. A similar behaviour is found by increasing
the effective Hubble parameter H, as shown in Fig. 3 for
H = 2, 4 s−1 and the limit of an instantaneous quench,
H → ∞. Note that each mode itself shows no sign of
squeezing and is simply amplified according to Eq. (17).
Conclusion.—The precise controllability of the effec-
tive metric in our novel system together with the contin-
uous non-destructive measurement of the field dynamics
makes it a versatile tool to explore fundamental ques-
tions of free (quantum) fields in time-dependent curved
spacetimes. In particular, the proposed analogue system
opens up the possibility to also emulate alternative theo-
ries to inflation, such as cyclic and ekpyrotic models [38–
43], or even proposals exhibiting a signature change in
the spacetime metric [29, 30, 44–47]. Our system has
the potential to elucidate the universality and robust-
ness of characteristic cosmological effects. For example,
it would provide an analogue simulator for evolving field
fluctuations through bounces and/or signature changes –
an open problem in cyclic and pre-big bang models. This
work will advance the mutually beneficial interconnection
of cosmological and analogue gravity systems.
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